INTRODUCTION
X-ray phase contrast imaging (XPCi) has become an important tool for the nondestructive visualization of weakly attenuating samples as often encountered in biomedical applications. The dominant contrast mechanism is the phase shift of x-rays as they traverse a sample, as opposed to attenuation which is used in conventional radiography. Both effects are described by the complex refractive index:
n(E) = 1 − δ(E) + iβ(E),
where δ and β are responsible for the phase shift and attenuation, respectively, and E is the x-ray photon energy. For biological tissues, δ can be up to three orders of magnitude larger than β. 1 Hence, XPCi methods can provide superior contrast for many soft tissue specimens. 1 Different XPCi methods exist, both as planar and computed tomography (CT) modalities, [2] [3] [4] [5] [6] [7] [8] and all of them are compatible with microfocal and/or synchrotron radiation x-ray sources. Several techniques have been demonstrated to be also compatible with standard (nonmicrofocal) x-ray sources. [9] [10] [11] [12] [13] This compatibility is crucial to meet the needs of many biological disciplines (e.g., small animal imaging), for example, to perform scans in standard research laboratories, fast, repeatedly, and with a high throughput.
The Edge Illumination (EI) XPCi method has the potential to meet this need since, as well as working with standard x-ray sources, 10 it is based on a simple setup, can be scaled up to large fields of view, is relatively immune to environmental vibrations, has a high phase sensitivity, and is dose efficient. [14] [15] [16] [17] [18] While previously tomographic images acquired with a monochromatic synchrotron source were shown, 8 in this paper, the first tomographic images obtained from an EI XPCi system implemented with a commercial laboratory xray tube are presented. The obtained results demonstrate the superiority of phase over attenuation based imaging, as well as the feasibility of imaging at doses well within the limits of what is considered acceptable for in vivo, e.g., small animal imaging applications. Moreover, by means of a phantom study, it is demonstrated that the obtained results are quantitative within the limits imposed by the use of a polychromatic source, along the lines discussed in Ref. 22 . The results are presented and discussed in the supplementary material. 
MATERIALS AND METHODS
Figure 1(a) shows a schematic of the laboratory implementation of EI XPCi. For a detailed explanation of the method's working principle, the reader is referred to previous publications. 10, 15, 17 The method was adjusted for tomographic imaging by inserting a rotation axis parallel to the masks' apertures (orthogonal to the direction of phase sensitivity). If, at each rotation angle, two projections are acquired at opposing edge illumination configurations [Figs. 1(b) and 1(c)] and processed according to a dedicated algorithm, 19 sinograms that contain the object's attenuation and the first derivative of the object's phase function, given by
Sβ(x, y; θ ) =M(x, y; θ ) = 2 (x,y;θ;s)kβ (x , y , z ) ds (3) are obtained. The line (x, y; θ ; s) describes the path of an x-ray hitting the detector at (x, y) andk is the wave number. From these sinograms, tomographic maps ofδ andkβ can be reconstructed with established methods, 20 noting that the derivative in Eq. (2) requires a specialized filter function. 21 Please note that monochromatic radiation was not assumed and that the quantities indicated by the hat refer to an effective energy, i.e.,k = k(E eff ),δ = δ(E eff ), andβ = β(E eff ). In EI XPCi, not only is the effective energy determined by the imaging system (source spectrum, detector response, masks), but also by the imaged object itself (thickness and attenuation), and phase and attenuation effective energies are, in general, different. 22 The spatial sampling rate of Eqs. (2) and (3) is normally limited by the (demagnified) pixel size; however, the sampling rate can be increased by "dithering," i.e., shifting the object in the direction orthogonal to the masks' apertures by sub-pixel amounts, and taking multiple projections which are then combined. Dithering can reveal sub-pixel details which would not be captured in a single shot; however, it increases scan duration and sample exposure. If applied, dithering only increases the sampling rate within transverse slices of the object, while the sampling rate in the vertical direction (slice thickness) is still given by the vertical pixel size.
Our experimental setup employs the Rigaku MicroMax 007 HF rotating anode (molybdenum) x-ray tube (Rigaku Corporation, Japan), operated at 35 kVp and 25 mA. The size of the source's focal spot was measured to be ∼70 μm. As a detector, the Anrad SMAM a-Se direct conversion flat panel (Analogic Canada Corporation, Canada) with a pixel size of 85 μm was used. The source-to-sample mask and sample mask-to detector distances were 1.6 and 0.4 m, respectively. The AOR was placed approximately 5 cm downstream the sample mask. In this practical setting, the detector mask was positioned approximately 4 cm before the detector. Both masks were fabricated by electroplating gold strips onto a graphite substrate (Creatv Microtech Inc., Potomac, MD). The masks' periods were 66.8 μm (sample mask) and 83.5 μm (detector mask), with open fractions of 18% and 24%, respectively. All CT acquisitions were carried out over a total angular range of 180
• with a 1 • step. At each angle, projections were acquired with either 32, two or no dithering steps (no object displacement), and were taken at opposing edge illumination conditions, with the sample mask positioned such that 50% of each beamlet falls onto the uncovered pixel area [Figs. 1(b) and 1(c) ]. The data processing involved the recombination of dithered (if present) into single projections and phase retrieval according to Ref. 19 , yielding sinograms in form of Eqs. (2) and (3). For CT reconstruction, filtered back-projection (FBP) was employed using Hilbert and ramp filters for the phase and attenuation maps, respectively.
A biological specimen (a common wasp), as well as a custom-built phantom (see the supplementary material 24 ), were chosen as test objects. Most acquisitions were performed with 5 s exposure time per projection and dithering step and without any additional source filtration. For the nondithered acquisition of the wasp, the exposure time was 3 s and a 30 μm molybdenum filter was used to demonstrate the lowdose capabilities of the system. The entrance dose (air kerma) resulting from the filtered spectrum was measured by means of thermoluminescence devices (TLD-100H), placed at the position of the object. The TLDs were calibrated in air kerma against a reference ion chamber. The measurements were repeated with an independent ion chamber (Keithley 35050A) and the same entrance doses were obtained within ∼ 10% accuracy. Figures 2-4 show the reconstructed CT images of the wasp. In Fig. 2, coronal slices showing the head and thorax of the insect are rendered, which were extracted from the reconstructedδ-(a) andkβ-maps (b). In this case, the projections were acquired with 32 dithering steps. Profiles across the torso, plotted underneath, confirm the expected superior- 
RESULTS AND DISCUSSION
where σ denotes the standard deviation. The signal and σ of the background were calculated for the less dense part of the wasp adjacent to the torso. Figure 3 shows a volume rendering of the reconstructed δ-map, created with the open-source software 3DSlicer (www.slicer.org). Small features such as the antennas and the structure of the head and thorax are clearly visible. The high level of detail resulted from the high number of dithering steps. Figure 4 
shows transverse [(a)-(c)] and coronal [(e)-(g)] slices
, showing the insect's thorax only and both head and thorax, respectively, extracted fromδ-maps reconstructed from data which were acquired with different numbers of dithering steps (32, two, and none) and, hence, reveal different levels of detail. This difference is clearer in the transverse slices, since dithering is only a means to increase the sampling rate within, but not across slices. A very high level of detail, revealing the fine structures inside the insect's head, can be appreciated in Fig. 4(a) , which was acquired with 32 dithering steps, i.e., with a comparatively high sampling rate. Besides the differing levels of detail, it is noteworthy that the reconstructedδ-values are similar in all images. This indicates that the signal strength in theδ-maps is not affected by the sampling rate. were acquired with additional molybdenum filtration to prevent the low end of the polychromatic spectrum from contributing to the delivered dose, the signal is as high as for 32 and two dithering steps, where no additional filtration was used. The profiles again confirm that dithering only has an effect on the sampling rate within the transverse slices. While in Fig. 4(d) the highly dithered profile (orange line) reveals much finer structures than the profiles originating from the data acquired with two and no dithering steps (black and black dotted lines), all three profiles in Fig. 4(h) show a similar level of detail.
The observation that, while the degree to which fine structures can be resolved is reduced, on average the values in thê δ-maps remain unaffected when little or no dithering is employed, provides the option for fast and low-dose imaging. The entrance dose with the molybdenum filtration was measured to be 0.043 mGy per 1 s exposure time. Assuming an acquisition with 180 rotation angles, no dithering and 3 s exposure time per projection [i.e., the acquisition parameters effectively used for the images shown in Fig. 4 (c) and 4(g)], the total entrance dose would be approximately 46 mGy, about a tenth of the limits imposed by small animal imaging. 23 Please note that this number already includes the factor of two taking into account that two projections need to be acquired at each angle at opposing edge illumination configurations. In a configuration where the mask apertures are orthogonal to the rotation axis, which would enable performing CT reconstructions without phase retrieval, this dose could be further halved at least in cases where edge-enhanced rather than fully phaseretrieved images could be considered sufficient. 8 It should be noted that the degree of resolution obtained without dithering [Figs. 4(c) and 4(g)] is already compatible with current small animal scanners: our approach leaves the option to increase the number of dithering steps and rotation angles in order to improve the resolution of the reconstructed maps, or the exposure time in order to increase the CNR, plus a range of possible combinations of the two/intermediate solutions, still at acceptable doses. The dose efficiency of EI XPCi has already been observed previously, 18 and can be explained by the fact that the sample mask is located upstream of the object, i.e., the object is shielded from radiation that does not contribute to the image formation process. The fact that the masks' substrate is made of low-absorbing graphite is also beneficial with respect to dose efficiency, as unnecessary photon absorption by the detector mask is avoided.
CONCLUSION
The first tomographic images obtained with the laboratory implementation of EI XPCi were presented. The experimental setup comprised a commercial x-ray source with an extended nonmicrofocal spot and a polychromatic spectrum. It was observed that maps showing the phase shifting properties of an object provided a higher SDNR than attenuation maps. Further, the effect of object dithering, i.e., an increase in sampling rate and the consequential improved detail visibility, was highlighted and shown that dithering does not affect the signal strength. Accurate results were obtained also using filters to reduce the dose delivered to the sample, providing an option for low-dose imaging. The entrance dose with the additional source filtration was measured and found to be approximately ten times below that considered acceptable for small animal imaging. Finally, the quantitativeness (within the limits of polychromaticity) of the imaging system was tested by scanning a phantom of known materials and by comparing retrieved phase and attenuation properties with theoretical ones, and a good agreement for most materials was found (see the supplementary material). 24 The results of this paper indicate that tomographic EI XPCi can become an important tool for laboratory-based and, hence, for high throughput imaging of biomedical samples, e.g., small animal models. 
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